Recent studies suggest that human endogenous retrovirus group K (HERV-K) provirus expression plays a role in the pathogenesis of HIV-1 infection. In particular, RNA from the HML-2 subgroup of HERV-K proviruses has been reported to be highly expressed at the cellular level and detectable in the plasma of HIV-1-infected patients, suggestive of virion production and, perhaps, replication. In this study, we developed an HML-2-specific quantitative-PCR assay that detects 51 of the 89 known HML-2 proviruses in the human genome. Plasma and peripheral blood mononuclear cells (PBMCs) from HIV-negative controls and HIV-1-infected patients were collected for analysis of HML-2 RNA expression. Contrary to previous reports, we did not detect high levels of HML-2 RNA in the plasma of HIV-1-infected patients, but we did observe a significant increase of HML-2 RNA in total PBMCs compared to HIV-negative controls. The level of HML-2 expression in PBMCs does not appear to be related to patient use of antiretrovirals or to HIV-1 plasma RNA, cellular RNA, or cellular DNA levels. To investigate the source of HML-2 RNA expression, patient PBMCs were sorted into CD3 ؉ CD4 ؉ , CD3 ؉ CD8 ؉ , CD3 ؊ CD14 ؉ , and CD3 ؊ CD20 ؉ cell subsets and then analyzed for HML-2 RNA levels. No single cell subset was enriched for HML-2 RNA expression in HIV-1-infected patients, but there appears to be substantial variability in the level of HML-2 expression depending on the cell type.
R
etroviruses replicate by reverse transcribing their RNA genomes into double-stranded cDNA, which is subsequently integrated into the host genome. If a retrovirus infects a germ line cell and successfully integrates its cDNA to become a provirus, it is said to be endogenized and will be vertically transmitted to offspring in a Mendelian fashion (1) . This process has occurred numerous times during the evolution of humans, with both truncated and full-length proviruses comprising roughly 8% of the genome, referred to collectively as human endogenous retrovirus (HERV) sequences (2) .
Most HERV sequences have undergone extensive mutation after integration into the human genome. However, a few have maintained open reading frames (ORFs) for viral proteins and have the ability to form intact but noninfectious viral particles (2) (3) (4) (5) (6) . One group of HERVs, named human endogenous retrovirus group K (HERV-K), includes many proviruses that have retained ORFs (5, 7) . This group is made up of 11 subgroups named human MMTV-like (HML) to reflect their similarity to mouse mammary tumor virus (MMTV), a virus that causes mammary carcinoma in mice (2, (7) (8) (9) . The HERV-K (HML-2) group includes the proviruses that have most recently integrated into the human ancestral genome. HML-2 proviruses are evolutionarily young compared to all other HERV sequences, with some having entered our genome less than 5 million years ago, after the humanchimpanzee split, and a few within the last few hundred thousand years (2) . This subgroup is the only one that includes humanspecific integration sites, at least 11 of which are insertionally polymorphic within the human population (7, (10) (11) (12) (13) . Furthermore, the subgroup contributes at least 89 full or partial proviral sequences to the human genome, many of which contain an ORF for gag, pro, pol, and/or env, genes essential for retroviral infectivity (7) . While there is no conclusive proof that any endogenized HML-2 provirus is infective as is, two recombinant HML-2 viruses based on the most recent common ancestor of the humanspecific proviruses, as inferred by phylogenetic analysis, have been shown to be weakly infectious (14, 15) .
HERV-K was first associated with human disease after the discovery that a HERV-K provirus encodes the human teratocarcinoma-derived virus (HTDV) particles emanating from germ cell tumors (16) (17) (18) . Since then, HERV-K expression has been observed in a variety of human diseases, most notably in different types of cancer and autoimmune disease (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . While these results are suggestive, conclusive evidence for a causal association of HERV-K with any human disease has yet to be obtained.
Recent studies have reported HERV-K (HML-2) expression during HIV-1 infection. Observations include the presence of HML-2-specific immune responses (29-32), detectable particleassociated HML-2 RNA in the plasma of HIV-1-infected individuals (33) (34) (35) (36) , and an increase in HML-2 RNA expression from cells infected with HIV-1 in vitro (37, 38) , as well as from cells collected from HIV-1-infected patients (39) . Additionally, HIV-1-infected patients on suppressive highly active antiretroviral therapy (HAART) exhibited lower plasma HML-2 RNA expression than those on a nonsuppressive regimen (33, 35) , indicating a direct or indirect link between HIV-1 replication and HML-2 expression. It is not clear if the decrease in HML-2 expression is due to antiretroviral therapy (ART) administration, lack of HIV-1 replication, reduced immune activation and immune response to HIV-1 in the patients, or all three. Moreover, there is limited information about which HML-2 proviruses are expressed and which cell types could be producing them (36) . Upregulation of HML-2 RNA in cells has been associated with HIV-1 Tat and Vif expression in cell culture models, though its relevance to in vivo HML-2 expression has not been explored (37) . The cause(s) of HML-2 expression during HIV-1 infection remains to be clarified, as does the cell type(s) involved.
To address the remaining questions about how and where HML-2 is expressed during HIV infection, we studied plasma and peripheral blood mononuclear cells (PBMCs) from HIV-1 patients. To our surprise, and contrary to previous reports, we did not detect any HML-2 RNA in the plasma of the HIV-1-infected subjects in this study, although there was an increase in HML-2 DNA. However, we did detect an increase in HML-2 RNA in PBMCs collected from HIV-infected patients compared to uninfected controls. In further analysis of the cell source of HML-2 RNA, we were not able to identify a single cell type enriched for HML-2 expression over uninfected controls. In fact, all cell types tested were found to express HML-2, although at different levels.
MATERIALS AND METHODS
Sequence alignment. An HML-2 provirus alignment containing 91 sequences was downloaded from a previous publication (7) and analyzed in BioEdit Sequence Alignment Editor (Ibis Biosciences, Carlsbad, CA). BioEdit was used to search for regions of high similarity for development of the HML-2 env-specific quantitative PCR (qPCR) and to determine which proviruses could be detected using the env-specific qPCR based on sequence identity to primers.
Quantification of HML-2 proviruses. Human genomic DNA (Applied Biosystems TaqMan Human Control DNA; catalog number 4312660) was supplied at 10 ng/l. Twofold serial dilutions of human gDNA were performed in 5 mM Tris-HCl (Invitrogen; catalog number 15568-025). The standard assumption of 3 pg DNA per haploid genome was used to estimate the number of genomes present in a known quantity of genomic DNA (gDNA). The gDNA (1.5 l) was loaded into the HML-2 qPCR in triplicate. Plasmid DNA standards (Invitrogen; pcDNA 3.1; catalog number K4900-01) containing the HML-2 Env coding region from 7p22.1a (K108) were diluted to known quantities and used to estimate the numbers of HML-2 DNA copies in the different dilutions of human gDNA. Three runs of the assay were performed at different dilutions, and the results were used to estimate the number of HML-2 proviruses in human gDNA.
Clinical samples and ethics statement. Plasma and PBMC samples were obtained at Tufts Medical Center (TMC), the NIH Clinical Center, and the University of Pittsburgh (UPitt). Human subject research was approved by the institution running each study, namely by the TMC IRB, the NIAID IRB, and the UPitt IRB. All participants provided written informed consent. Participants at NIH were all enrolled in clinical protocols (00-I-0110, 97-I-0082, and 95-I-0072) approved by the NIAID Institutional Review Board (FWA00005897) administered at the NIH Clinical Center in Bethesda, MD. Participants at NIH provided written consent for participation, for sample storage, and for sharing samples with collaborators outside the NIH. Patient characteristics are recorded in Tables 1 and  2 and Table S1 in the supplemental material. Two patients who provided plasma samples (Table 1) were hepatitis C virus (HCV) positive, one patient who provided PBMCs (Table 1 ) was herpes simplex virus positive, and three nonviremic patients who provided PBMCs (Table 2) a All nonviremic patients were on therapy. Viremic patients were either treatment naive, off therapy, or on therapy at the time of blood collection (see Table S1 in the supplemental material for treatment details). b iSCA is a modified SCA that detects a small region in the integrase portion of HIV-1 RNA. c ND, not determined. Four patients were below the limit of detection for iSCA.
and confirmed to be off antiretroviral medication, 18 to 65 years of age, and free of confounding medical conditions, including cancer, schizophrenia, autoimmune disease, and pregnancy. Blood samples from TMC were drawn into BD Vacutainer CPT tubes with sodium citrate (BectonDickinson; catalog number 362760) to allow separation of plasma and PBMCs from the same blood draw. Samples were processed within 2 h of blood draw according to the manufacturer's instructions. Plasma was stored at Ϫ80°C in 1-ml aliquots, and PBMCs were frozen in 5% dimethyl sulfoxide (DMSO) in fetal bovine serum at 5 ϫ 10 6 cells/ml and stored in liquid nitrogen until analysis. Blood samples from UPitt were drawn into BD Vacutainer K2EDTA tubes (Becton-Dickinson; catalog number 366643) with EDTA. Plasma was separated from whole blood by centrifugation at 400 ϫ g followed by a second spin at 400 ϫ g and was then stored at Ϫ80°C in 1.5-ml aliquots. PBMCs were isolated from the remaining (plasma-free) blood by Ficoll-Hypaque density gradient centrifugation. The PBMCs were frozen in 10% DMSO in fetal bovine serum at 5 ϫ 10 6 cells/ml and stored in liquid nitrogen. Samples were shipped on dry ice and then transferred to liquid nitrogen storage until analysis. All uninfected control samples used were drawn at the NIH Clinical Center or UPitt from adult volunteers aged 18 to 65 with no known comorbidities. Control plasma and PBMC samples were stored as described above until they were thawed for analysis.
RNA extraction from plasma. Plasma RNA was extracted from HIVinfected and control patients according to a modified version of a previously published protocol (40) . Plasma samples were thawed on ice the day of analysis, and a prespin at 2,500 ϫ g was performed at room temperature for 15 min to pellet any cellular debris. Two hundred to 500 l of plasma was diluted with an equal volume of Tris-buffered saline (Sigma; catalog number T5030), and virions were pelleted from the plasma at 21,000 ϫ g for 1 h at 4°C. The pellet was resuspended in 50 l of 5 mM Tris-HCl (Invitrogen; catalog number 15568-025) and treated with 20 mg/ml proteinase K (Ambion; catalog number AM2548) for 30 min at 55°C. Two hundred microliters of 6 M guanidinium isothiocyanate (Sigma; catalog number 50983) and 10 l 20 mg/ml glycogen (Roche; catalog number 10901393001) were added and vortexed, and the mixture was incubated for 5 min at room temperature. Two hundred microliters of 100% isopropanol was added, and the sample was centrifuged at 21,000 ϫ g at 4°C for 35 min. The pellet was washed with 500 l 70% ethanol and centrifuged at 21,000 ϫ g at 4°C for 15 min, and all ethanol was removed from the pellet through sequential spins and pipetting. The RNA pellet was air dried for 2 min and resuspended in buffer (965 l 5 mM Tris-HCl, 25 l RNasin or equivalent RNase-inhibiting enzyme, 10 l 0.1 M dithiothreitol [DTT] ). The RNA was left untreated or treated with 1 U of DNase (Ambion; Turbo DNA-free kit; catalog number AM1907) according to the manufacturer's instructions (as specified) for downstream analysis. For the HIV Roche TaqMan v2.0 assay, plasma HIV RNA was extracted using the automated Cobas AmpliPrep System v2.0 (Roche Molecular Diagnostics).
Nucleic acid extraction from cells. Unsorted PBMCs were removed from liquid nitrogen storage and heated in a 37°C water bath until almost thawed. The cells were resuspended in 10 ml of phosphate-buffered saline (PBS) (Gibco; catalog number 14190) and centrifuged at 350 ϫ g for 5 min at 4°C. The cell pellet was resuspended in 2 ml PBS, and 10 to 40 l was used to obtain viable-cell counts using trypan blue and a hemocytometer. The cells were pelleted, and 1 ml of TRIzol (Ambion; catalog number 15596-026) was added to the cell pellet for lysis for 5 min at room temperature; 200 l chloroform was added to the TRIzol solution and mixed vigorously for 15 s. Samples were incubated at room temperature for 3 min and then centrifuged at 12,000 ϫ g for 15 min at 4°C; 400 l of the aqueous phase was transferred into a new Eppendorf tube, and an equal volume of 70% ethanol was added. Samples were added to a downstream column purification kit (Ambion; PureLink RNA Mini; catalog number 1218301A) and treated according to the manufacturer's instructions. RNA was eluted into 60 l of 5 mM Tris-HCl (Invitrogen; catalog number 15568-025) and treated with 2 U DNase for 1 h at 37°C, and the DNase was inactivated according to the manufacturer's instructions (Ambion; Turbo DNA-free kit; catalog number AM1907).
Sorted PBMCs were collected in PBS (Gibco; catalog number 14190) and kept on ice in a sorting tube (BD Biosciences; catalog number 352063) until they were transferred out of the sorting facility. The cells were pipetted into a new Eppendorf tube and centrifuged, and the RNA was extracted from the cell pellet according to the manufacturer's instructions (Qiagen; AllPrep RNA/DNA Mini; catalog number 80204). The column was eluted with 40 l 5 mM Tris-HCl (Invitrogen; catalog number 15568-025), and the eluate was passed over the column twice to concentrate the RNA. The RNA was treated with 2 U DNase for 1 h at 37°C, and the DNase was inactivated as described above.
Nucleic acids were extracted from PBMCs at UPitt following a previously described protocol (41), with sonication during the lysis step and again after resuspension of nucleic acids.
Reverse transcription and quantitative PCR. RNA was reverse transcribed using the HML-2 Env reverse primer for the plasma HML-2 virion analysis or with random hexamers (Invitrogen; catalog number N8080127) for the unsorted and sorted cell expression analyses to detect HML-2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcripts. All assays included both reverse transcription-positive (RT ϩ ) and RT-negative (RT Ϫ ) wells to detect the presence of contaminating DNA in the RNA sample, and water RT ϩ and RT Ϫ controls were also prepared. Reverse transcription reactions were set up as recommended by the manufacturer (Invitrogen; Superscript III First Strand Synthesis; catalog number 18080-051) with the following cycling conditions: 50°C for 50 min, 85°C for 10 min, and 4°C hold. cDNA was used for downstream qPCRs. Reverse transcription for the HIV qPCR analysis was performed as described previously (40) .
RNA standards were prepared for the HML-2 qPCR and GAPDH by cloning the amplicon sequence into a vector with a T7 promoter (Invitrogen; pcDNA 3.1 [catalog number K4900-01] or equivalent) and performing in vitro transcription (Ambion, MEGAscript T7; catalog number AM1334) to make copies of the qPCR amplicon. Standards for the HIV qPCR were either supplied by Mary Kearney (NCI Frederick) or prepared from a vector through in vitro transcription (IVT). IVT RNA was purified twice according to the manufacturer's instructions (Ambion; Megaclear; catalog number AM1908) and visualized on a denaturing gel to confirm the size of the IVT product. A known quantity of standard RNA was used in each assay to quantify the amount of RNA present in the test sample and was prepared in 10-fold serial dilutions and reverse transcribed at the same time as the test samples.
cDNA produced using an HML-2 gene-specific primer was detected using the HML-2 qPCR specific to the TM region of the env gene. The specificity of this qPCR for HML-2 env was verified by melting-curve analysis and sequencing of the amplified products. The primers (HML-2 env For, 5= CTAACCATGTCCCAGTGATG 3=); HML-2 env Rev, 5= GG AGACAGACTCATGAGCTTAGAA 3=) were used at a final concentration of 300 nM in a SYBR mastermix (Applied Biosystems; SYBR green PCR MM; catalog number 4309155). The HML-2 qPCR cycling conditions were as follows: 95°C for 10 min; 95°C for 15 s, 57°C for 15 s, 72°C for 45 s, and 74°C for 15 s; plate reading (45 cycles); and melting curve, 55°C to 95°C. Each sample and water RT ϩ and RT Ϫ well was analyzed in triplicate using the HML-2 qPCR. The GAPDH qPCR was performed as described for the HML-2 assay (GAPDH For, 5= GTCAGTGGTGGACCTGACCT 3=; GAPDH Rev, 5= TGCTGTAGCCAAATTCGTTG 3=). The GAPDH cycling conditions were as follows: 95°C for 10 min; 95°C for 15 s, 63.5°C for 15 s, 72°C for 45 s, and 82°C for 15 s; plate reading (45 cycles); and melting curve, 55°C to 95°C. HIV qPCR was performed as previously described (40) .
For the Roche HIV TaqMan assay, plasma HIV RNA was reverse transcribed and quantitated using the automated Cobas TaqMan System v2.0 from Roche Molecular Diagnostics (quantitation limit, 20 cps/ml). Cellular HIV RNA and DNA were quantified using previously described protocols (41, 42) . For DNA quantification, following estimation of the total nucleic acid concentration with a NanoDrop 1000 (Thermo Scientific), samples were diluted to a final concentration of Ͻ170 ng/l to prevent inhibition of qPCR. Eight replicates from each sample were assayed for total HIV-1 DNA or RNA using published qPCR methods with normalization for cellular input (42) . The 95% limit of detection (LOD) for the HIV-1 DNA or RNA was 5 copies per qPCR.
Flow cytometry and analysis. PBMCs collected from 10 HIV-infected patients (Table 2) were thawed in a 37°C water bath until just icy and washed twice in buffer (PBS without Mg 2ϩ or Ca 2ϩ , 2 mM EDTA, 0.1% bovine serum albumin [BSA] ). The cells were resuspended in buffer and stained with antibodies to CD3 (clone UCHT1), CD4 (clone RPA-T4), CD8 (clone RPA-T8), CD14 (clone M⌽P9), and CD20 (clone 2H7); antibodies and their isotype controls were procured from BD Biosciences (San Jose, CA) and BioLegend (San Diego, CA). Additionally, the cells were stained with LIVE/DEAD (L/D) stain (Molecular Probes; L/D Fixable Aqua Dead Cell Stain kit; catalog number L34957) or propidium iodide to allow sorting of live cells only, preincubated with an Fc receptorblocking solution to prevent nonspecific binding of antibodies (BioLegend; Human TruStain FcX; catalog number 422302), and passed through a 40-m mesh strainer prior to sorting (BD Biosciences; catalog number 352235) to minimize clumping. Samples were sorted on a BD Influx (BD Biosciences; 405 nm, 488 nm, and 635 nm) using the Spigot software package. All cells were gated on absence of L/D stain and size (pulse width ϫ forward scatter [FSC] and FSC ϫ side scatter [SSC]). Cells were sorted into lineages based on expression of the following markers: CD3
cells), and CD3
Ϫ CD14 ϩ (monocytes). The cells were sorted into PBS and kept on ice until RNA extraction. All flow cytometry analysis postsort was performed using Summit version 4.3 build 2445 (Beckman Coulter, Fullerton, CA).
Statistical analysis. All statistical analyses were performed using GraphPad (San Diego, CA) Prism software. The data were analyzed using the specified nonparametric tests due to the small sample size and uncertainty about normal distribution in the population. Correlation analyses were performed as either linear correlations or nonlinear correlations based on the data sets and are indicated for each analysis. P values and R 2 values are noted where applicable, and a P value of Ͻ0.05 defined statistical significance.
RESULTS

Detection of HML-2 proviruses.
The HML-2 subgroup of HERV-K comprises at least 89 proviruses per haploid human genome (7), many of which have accumulated inactivating mutations or deletions. To design a qPCR assay capable of detecting the majority of these proviruses, a master alignment of all known elements was prepared and searched for regions of highest sequence conservation. Importantly, HML-2 proviruses can be categorized into type 1 or type 2 (2). Type 1 HML-2 proviruses have a characteristic 292-bp deletion in the SU region of the envelope gene and are associated with the production of an alternative accessory protein named Np9 (43), whereas those type 2 proviruses that retain a full coding sequence produce the accessory protein Rec (44) . A 119-bp sequence located in the TM region of env was chosen as the target of our qPCR assay due to its high sequence conservation among both type 1 and type 2 HML-2 proviruses. Based on primer sequence similarity to individual proviruses, an estimated 67 proviruses out of the 91 included in the alignment should be detected using the env qPCR assay, including both recent and ancient integrations (data not shown). The number of proviruses detected experimentally, 51 copies per haploid genome (Fig. 1A) , was similar to, although slightly lower than, this prediction. All other primer locations would detect a similar number, since many of them are missing substantial portions of their genomes. The identity of the individual proviruses detected using the env qPCR assay was not investigated in detail, though the env primers were confirmed to detect K111 proviruses, known to be highly repeated due to postintegration duplication (reference 45 and data not shown). Known quantities of RNA standards, based on the K108 (7p22.1a) env sequence, were created to quantitate HML-2 env RNA signal from cell and plasma specimens. Assay performance between multiple runs of the standards showed high repeatability, high PCR efficiency, and a linear dynamic range of 10 7 down to 10 copies (Fig. 1B) .
Lack of HML-2 RNA detection in plasma from HIV-infected patients. Prior reports (33) (34) (35) (36) presented data in support of the idea that HML-2 virions were released into the blood of HIV-1-infected patients. To see if we could confirm this result, plasma was collected from two different centers and tested for the presence of HML-2 virions. Deidentified plasma from HIV-1-infected patients (n ϭ 9) was collected from the archives at the NIH Clin- HML-2 proviruses detected per haploid genome using env qPCR was determined using dilutions of human genomic DNA at known concentrations (using the estimate of 6 pg DNA/cell and 3 pg DNA/haploid genome) and determining the copy numbers of HML-2 DNA at these different dilutions using plasmid DNA standards containing the 7p22.1a env sequence. The mean and standard deviation are plotted for each dilution, where the mean is the average of replicate wells from 3 assays. (B) RNA standard serial dilutions were reverse transcribed in duplicate, and the cDNA was assayed using SYBR green env qPCR. Mean cycle threshold values (C T ; y axis) and the 95% confidence intervals (CI) are plotted for each dilution of the RNA standard (x axis). C T values are compiled from multiple assays (n ϭ 41 for 10 to 10 6 copies and n ϭ 26 for 10 7 copies). The slope of the line is Ϫ3.311, corresponding to a PCR efficiency of 100.46%.
jvi.asm.org 11111 ical Center. Additional patients (n ϭ 6) were recruited in a clinical study ongoing at Tufts Medical Center specifically for HIV-1-infected patients naive to therapy or off ART for Ͼ2 months. All samples tested were from patients off ART at the time of collection to exclude any possible effect of ART on HML-2 detection (33, 34) . Sample characteristics are detailed in Table 1 . RNA was extracted from pelleted plasma and treated with recombinant DNase I to degrade any contaminating genomic DNA that might have led to false HML-2 RNA signal in the env qPCR assay. DNase-treated RNA was reverse transcribed and analyzed for virus expression using env qPCR or a modified HIV singlecopy assay (SCA) (40) . A previously published report estimated that ϳ95% of patients infected with HIV-1 have detectable HML-2 RNA in their plasma (35) and, moreover, that extremely high levels of HML-2 RNA are present in the plasma of those patients, ranging from to 10 3 to 10 10 copies per ml (33, 34, 36, 45) . Contrary to these reports, we could not detect HML-2 RNA in the plasma of any HIV-1-infected patient tested ( Fig. 2A) . It is possible that the DNase used contained contaminating RNases or that the DNase was not properly inactivated, leading to a reduction in HML-2 detection. Therefore, a comparison between DNasetreated and untreated RNAs was performed with and without reverse transcriptase to determine if an HML-2 RNA signal could be measured in the absence of DNase. However, even without DNase treatment, an HML-2 RNA signal was not detected, and the RT ϩ and RT Ϫ wells yielded equivalent copy values, suggestive of only DNA template being present ( Fig. 2A) . Additionally, the cellular GAPDH gene could be detected when the untreated RT Ϫ RNA was used as a qPCR template but not when DNase-treated RT Ϫ RNA was used, consistent with the presence of a contaminating DNA template (data not shown).
Our failure to detect HML-2 RNA was not due to improper extraction from the plasma samples, since HIV RNA was detected in the clinical specimens using the same RNA preparations that were used for the HML-2 assay (Fig. 2B) . Additionally, HIV was detected with or without DNase treatment of viral RNA, although there was an ϳ4-fold reduction in RNA levels after DNase treatment (Fig. 2B) . In addition, the HML-2 RNA extraction and detection procedures were validated using supernatants from the teratocarcinoma cell line Tera-1, which is known to produce HML-2 virions (data not shown) (16) (17) (18) 46) . In case the extraction and detection of HML-2 virions failed for unknown reasons, previously published methods for both were also used as controls on a subset of clinical samples. Similar to what is shown in Fig. 2A , these alternative methods did not lead to the detection of HIV RNA (data not shown). Thus, in the group of patients tested, we could find no evidence for HML-2 virions in plasma.
In contrast to the lack of HML-2 RNA detection in plasma, our experiments did show a significant difference in the levels of HML-2 DNA in the plasma of HIV-1-infected patients compared to controls (Mann-Whitney test; P ϭ 0.02) (Fig. 2A) . Based on the estimated number of copies of HML-2 proviral DNA detected per haploid genome (Fig. 1A) and the difference in signal intensities from HML-2 RNA versus DNA in the env qPCR assay (not shown), the control plasma DNA level was calculated to be equivalent to ϳ11 lysed cells per ml, whereas the DNA levels from HIV-1-infected patients were about 2-fold higher, with an estimated ϳ23 lysed cells per ml of plasma (Fig. 2C) . The source of the cell DNA is unknown, but it could be related to immune surveillance and/or infected-cell killing during active HIV replication in the absence of ART. However, the level of HML-2 DNA signal in the plasma was not strongly associated with HIV RNA levels, the number of CD4 ϩ T cells/l, or the percentage of CD4 T cells in the HIV-infected patients (Fig. 2D to F) .
HML-2 RNA detection in PBMCs from HIV-1-infected patients. Although HML-2 virions were not detected in the plasma of the tested HIV-1-infected or control patients, it was possible that HML-2 was actively transcribed in PBMCs (39) . As with the plasma samples, PBMCs were obtained from archived samples from the NIH Clinical Center (n ϭ 13) and also from an ongoing clinical study at Tufts Medical Center (n ϭ 6), where all patients were verified to be off ART. Sample characteristics are listed in Table 1 . PBMCs were assessed for viability, and 1 million to 2 million cells were used for total RNA extraction, followed by DNase treatment, reverse transcription, and analysis for the total copy number using qPCR assays for env and the reference GAPDH transcripts.
PBMCs isolated from HIV-infected patients showed significant upregulation in HML-2 transcription relative to GAPDH and compared to uninfected controls (Mann-Whitney test; P Ͻ 0.0001) (Fig. 3A) . The extent of HML-2 transcription was not significantly associated with any of the tested HIV-1 disease markers, including plasma HIV RNA levels, the number of CD4 ϩ T cells/l, or the percentage of CD4 T cells (Fig. 3B to D) . To more directly test the correlation of HML-2 expression and HIV replication and to determine if HIV replication is necessary for the apparent upregulation of HML-2 transcription, a blinded study was performed to assess HML-2 RNA levels in PBMCs from 15 HIV-1 patients on therapy, 10 without viremia (Ͻ75 copies of RNA/ml) and 5 with detectable viremia, compared to uninfected controls (n ϭ 4) ( Table 2) . Of the 5 patients with viremia, 3 were off ART and 2 were on failing ART regimens (see Table S1 in the supplemental material).
Compared to the uninfected controls, there was upregulation in HML-2 RNA in both groups of patients on ART, but to a significant level only in the aviremic (Mann-Whitney test; P ϭ 0.02) and not the viremic (Mann-Whitney test; P ϭ 0.29) patients (Fig.  4A) . The lack of statistical significance for the viremic group could have been due to the smaller sample size (n ϭ 5). The magnitudes of HML-2 upregulation in HIV-infected patients compared to uninfected controls were similar in viremic patients and in those with suppressed viremia on ART (Fig. 3A and data not shown) . Thus, the use of antiretrovirals and lack of HIV replication did not appear to have a major effect on HML-2 RNA transcription (Fig.  4B to D) . In addition, there was no association of HML-2 RNA with HIV DNA levels (Fig. 4E) .
Cell-type-specific expression of HML-2 RNA in PBMCs. We next investigated the cell source of the HML-2 RNA expression to begin to elucidate the mechanism(s) governing HML-2 provirus activation in HIV-infected patients. Attempts to isolate HML-2-expressing cells using a commercially available antibody to HERV-K Env were unsuccessful; therefore, PBMCs were sorted by cell type and then assayed for HML-2 RNA. Specifically, PBMCs isolated from patients described in Table 1 (NIH Clinical Center and TMC only) were subjected to live cell sorting into these major PBMC subsets:
, and monocytes (CD3 Ϫ CD14 ϩ ). HML-2 RNA levels were determined as described for total PBMCs.
Consistent with the lack of correlation of HML-2 RNA levels with HIV replication, sorted CD4 ϩ T cells were not enriched for HML-2 RNA compared to other cell subsets (Fig. 5A) . Interestingly, no cell type was significantly enriched for HML-2 RNA transcription; in fact, all PBMC subsets tested showed detectable HML-2 expression in both the HIV-infected and uninfected populations, although to different extents (Fig. 5A to D) . This result is consistent with previous assessments showing HML-2 expression in blood cells (47, 48) . For all cell types, the HIV-infected patients exhibited a slightly higher level of HML-2 expression, with the greatest difference in monocytes (Mann-Whitney test; P ϭ 0.18) (Fig. 5C) . However, no significant correlation was found between the percentage of monocytes in PBMCs and HML-2 RNA upregulation in total PBMCs (P ϭ 0.56) (Fig. 5G) . Indeed, in no cell type did the difference reach statistical significance, even though there was a significant difference when all PBMCs were analyzed (Fig. 3A) .
Taken together, our results imply that increased HML-2 expression in HIV-infected patient PBMCs is due to an indirect effect of HIV-1 infection. Furthermore, HIV-1 infection does not result in the release of a large amount of HML-2 virions in the plasma of patients represented in our cohort, as measured by our assay, contrary to publications showing HML-2 RNA detection at 10 3 copies/ml and higher (33, 34, 36, 45) .
DISCUSSION
The HML-2 group of endogenous retroviruses is of great interest due to their recent integration into the human germ line, their sequence preservation, and the association of their expression with human diseases (2) . Previous reports investigating HML-2 activity during HIV-1 infection have described detectable HML-2 virions in patient plasma, often at levels higher than those of HIV (33) (34) (35) (36) 45) ; HML-2 RNA upregulation in patient CD4 ϩ and CD8 ϩ T cells (39) ; and the presence of cytotoxic immune responses specific to HML-2 antigens (29-31). The observation of HML-2 RNA and protein expression during HIV-1 infection has led to a proposal for development of a vaccination strategy to eliminate HIV-1-infected cells, which may be targeted by their ability to display HML-2 antigens (32). However, the mechanisms In this study, we investigated HML-2 expression in a cohort of HIV-infected patients to determine the cell source of HML-2 expression and the relationship of HML-2 expression to HIV disease status. Using a qPCR assay capable of detecting RNA from more than half of the known HML-2 elements (Fig. 1A) , we observed, contrary to previous reports, that HML-2 virions were not detectable in patient plasma during untreated HIV-1 infection (Fig. 2A) . The discrepancy between this and previous results was not due to differences in methodology, since our finding was confirmed using a previously published extraction and detection method with a subset of the clinical samples ( Fig. 2A and data not shown) . Similarly, a recent study using deep-sequencing techniques did not uncover an increase in HERV RNA sequences from the plasma of HIV-1 subtype B subjects compared to uninfected controls (49) . It is possible that virion production was occurring below our limit of detection using the env qPCR, as we did not achieve single-copy sensitivity.
The presence of HML-2 virions, at any level, would be highly interesting. Though no HML-2 provirus has been shown to be infectious as is, studies on reconstituted HERV-K (HML-2) viruses suggest that low-level infectivity can be acquired through a few recombination events between different proviruses (14, 15) . Studies with higher sensitivity should be performed to determine if such events can occur and if they are correlated with HIV disease progression. Another, less likely, possibility to explain our finding is that HML-2 virion production occurs in a patient population not captured in our study.
There are limited clinical data profiling the exact comorbidities and ethnicities of study subjects reported to show HML-2 virions in their plasma. Our patient population included varied ethnic backgrounds, and most individuals lacked comorbidities associated with HIV, like HCV or human T cell leukemia virus (HTLV) infection. The two patients in our plasma sample cohort (Table 1) infected with HCV did not show virion production ( Fig. 2A) . While HTLV Tax was associated with HERV transcription in one study (50) , HTLV infection was not associated with HML-2-specific immune responses, differing from HIV (51) . Infection with various herpesviruses has been associated with an increase in HERV transcription (52) (53) (54) , although its impact on eliciting virions in vivo is unknown.
During this analysis, we found that HIV-1-infected patient plasma showed a significant increase in extracellular DNA compared to uninfected individuals ( Fig. 2A) . Plasma DNA, specifically mitochondrial DNA, has been observed in HIV-1-infected patients previously, though not at a level significantly different from controls (55) . The finding of extracellular DNA in the plasma of HIV-1 patients could help explain the discrepancies between our results and those from previous publications. If extracted plasma RNA was not treated with DNase and adequate reverse transcriptase controls were not run, our assay could have led to the erroneous detection of HML-2 RNA in patient plasma ( Fig. 2A) . However, the signal would have derived solely from extracellular DNA present in the plasma of HIV-1 patients and not from HML-2 RNA. This is possible because HML-2 proviruses are present at a high copy number in the human genome, with at least 89 proviruses present per haploid genome (7) . Furthermore, levels of DNA in patient plasma could also be affected by sample handling, i.e., if blood samples were not immediately processed, increasing amounts of DNA could be present in patient plasma samples and provide more template for erroneous HML-2 RNA detection. Finally, quantitation of contaminating genomic DNA with an RNA-based standard could further inflate HML-2 signal due to the less than 100% efficiency of the RT step used for the standard curve. Therefore, a combination of the above factors could lead to the false detection of high levels of HML-2 RNA and possibly explain why previous publications have shown HML-2 RNA in HIV-1 patient plasma.
Extracellular double-stranded DNA (dsDNA) could potentially function as a damage-associated molecular pattern if taken up by cells and detected by a dsDNA receptor in the endosome or cytosol, leading to immune activation (56) . In this study, association of plasma DNA with immune activation markers could not be assessed. Signaling due to extracellular DNA could potentially represent an additional pathway to chronic immune activation commonly seen in HIV-1-infected individuals (57) . An additional study examining the levels of plasma DNA in patients on antiretroviral therapy would also be informative, as chronic activation is present, albeit at a lower level, in patients on long-term therapy and is associated with decreased longevity, cardiovascular disease, and metabolic syndrome (58) .
A significant upregulation in HML-2 RNA was assessed in PBMCs from HIV-1-infected patients in the absence or presence of antiretroviral therapy (P Ͻ 0.0001 [ Fig. 3A] and P ϭ 0.02 [ Fig.  4A] ). On average, the level of expression was about 2-fold higher than that seen in uninfected controls, although some patients showed levels of HML-2 transcription equivalent to those of HIVnegative subjects. This result could signify that HML-2 upregulation is not a universal phenomenon or perhaps that the cell source of expression was not highly abundant in the patients with no measurable increase in transcription. The initial analysis was performed using unsorted PBMCs (Fig. 3A) , so cell subset frequency could have affected the overall measured expression levels. To assess this possibility, total PBMCs from HIV-infected and uninfected patients were sorted into CD4 ϩ and CD8 ϩ T cell subsets, in addition to B cells and monocytes. These cell types represent the major constituents of PBMCs, although smaller populations, including dendritic cells and NK cells, could potentially represent sources of HML-2 expression. When HML-2 RNA upregulation was assessed in sorted cells, we saw no significant difference in expression in any subset from HIV patients compared to controls, although each subset individually showed a small increase in pa- tients compared to controls, with the greatest difference in monocytes, a cell type that is not a target for HIV infection in vivo (59) . The lack of enrichment in the CD4 ϩ T cell population is consistent with HML-2 RNA expression having no clear relationship to HIV replication (Fig. 4) , while the lack of enrichment in other cell populations could exemplify the indirect mechanism regulating HML-2 expression in HIV-1-infected patients. The differences in the magnitude of HML-2 transcription in cell subsets could be due to cell-specific transcription factors, methylation patterns, or other epigenetic changes, which are believed to control endogenous retrovirus expression in differentiated tissues (60, 61) . Based on these results, it appears that differential expression from multiple cell sources may lead to the 2-fold difference in HML-2 expression in HIV-infected versus control individuals.
It is important to point out that our results do not exclude the possibility of significant upregulation of expression of HML-2 in HIV-infected cells. On average, less than 0.2% of CD4 cells are infected with HIV during chronic infection (62), so even a 10-fold upregulation of HML-2 RNA would lead to only a 2% increase in the total cell population. To answer this question directly, it will be necessary to sort either HIV-or HML-2-expressing cells from patient samples, a daunting task.
In this study, no significant correlation was observed between HIV-1 disease markers, including the level of viremia and intracellular HIV RNA and DNA, and HML-2 expression in patient PBMCs (Fig. 3B to D and 4) , and no enrichment was seen in HIV-1 target CD4 ϩ T cells, as mentioned above (Fig. 5A) . In addition, there was no effect of antiretroviral therapy on HML-2 transcription (Fig. 4A) . The lack of effect of HIV replication or antiretrovirals is interesting, as they have been reported to have positive and negative effects, respectively, on HML-2 virion production in HIV-1-infected patients (33, 35) . In vitro, the accessory proteins Tat and Vif have been reported to positively influence HML-2 RNA and protein expression (32, 37) . The difference between the in vitro and in vivo results may be due to the higher levels of infection and therefore protein production seen during in vitro infections, or potentially a noncanonical function the accessory proteins assume under in vitro conditions.
Immune activation in HIV-1 infection remains a possible indirect mechanism that could lead to HML-2 expression. It is known that other endogenous retroviruses, including porcine endogenous retroviruses (PERV), murine leukemia virus (MLV), and MMTV, exhibit increased expression after treatment with mitogens or immune-activating agents (63) (64) (65) (66) . Although we did not see a difference in HML-2 upregulation between patients on or off antiretroviral therapy (Fig. 4A) , which are associated with different levels of immune activation (57), immune activation markers were not specifically assessed in these patient groups. A previous study reported a negative correlation between immune activation (CD38 ϩ HLA Ϫ DR ϩ ) in CD4 ϩ and CD8 ϩ T cells from HIV-1-infected patients and HML-2 expression in vivo (39) , though a positive effect of stimulating agents like phorbol myristate acetate (PMA)/ionomycin, phytohemagglutinin (PHA), and interleukin 2 (IL-2) has been reported in vitro (37, 38) . This point remains to be clarified with additional studies.
As the env qPCR measures total HML-2 signal and does not distinguish between the proviruses expressed, it is possible that individuals express distinct proviruses and the expression of only some of these was associated with HIV disease markers. It will be beneficial to explore which HML-2 polymorphic loci are expressed, as this information could indicate different disease outcomes based on inherited polymorphisms or provirus expression patterns. In addition, different HML-2 proviruses have different ORFs that dictate which retroviral proteins are expressed in vivo (7) . Likewise, investigation into whether type 1 or type 2 proviruses are expressed differently during HIV-1 infection could elucidate new cellular functions for the accessory proteins Rec and Np9, as their expression is associated with malignancy (43, 67, 68) .
The results of this study confirm the increased expression of HML-2 RNA in PBMCs from HIV-1-infected patients; however, they do not support the claim that HML-2 virions are present in blood. In addition, our observations of HML-2 RNA expression in sorted PBMCs show that all the major cell types in the blood express HML-2 and possibly protein, consistent with a previous analysis using whole blood (48) . Based on these observations, it appears that the use of HML-2 expression as a way to target HIV infection carries a significant risk of off-target effects. Our data suggest that HML-2 protein may be expressed in CD8
ϩ T cells and B cells. Thus, targeting HML-2 epitopes may affect these cells and weaken the cytotoxic and humoral arms of an individual's immune response to HIV-1 infection (69). HML-2 expression has also been detected in embryonic stem cells, presenting an additional cause for concern (70) . The mode of HML-2 activation in cells remains an open issue; however, neither the levels of HIV replication nor antiretroviral therapy appears to affect its expression. Our study reveals the complexity of HML-2 RNA expression during HIV-1 infection and the need for additional studies to clarify its effects on HIV-1 pathogenesis.
